IMPORTANCE-Although multiple HLA alleles associated with multiple sclerosis (MS) risk have been identified, genotype-phenotype studies in the HLA region remain scarce and inconclusive.
RESULTS-Of the 652 patients with MS, 586 had no missing genetic data and were included in the HLAGB analysis. In these 586 patients (404 women [68.9%]; mean [SD] age at disease onset, 33.6 [9.4] years), HLAGB was higher than in controls (median [IQR], 0.7 [0-1.4] and 0 [−0.3 to 0.5], respectively; P = 1.8 × 10 −27 ) . A total of 619 (95.8%) had relapsing-onset MS and 27 (4.2%) had progressive-onset MS. No significant difference was observed between relapsing-onset MS and primary progressive MS. A higher HLAGB was associated with younger age at onset and the atrophy of subcortical gray matter fraction in women with relapsing-onset MS (standard β = −1.20 × 10 −1 ; P = 1.7 × 10 −2 and standard β = −1.67 × 10 −1 ; P = 2.3 × 10 −4 , respectively), which were driven mainly by the HLA-DRB1*15:01 haplotype. In addition, we observed the distinct role of the HLA-A*24:02-B*07:02-DRB1*15:01 haplotype among the other common DRB1*15:01 haplotypes and a nominally protective effect of HLA-B*44:02 to the subcortical gray atrophy (standard β = −1.28 × 10 −1 ; P = 5.1 × 10 −3 and standard β = 9.52 × 10 −2 ; P = 3.6 × 10 −2 , respectively).
CONCLUSIONS AND RELEVANCE-We confirm and extend previous observations linking
HLA MS susceptibility alleles with disease progression and specific clinical and magnetic resonance imaging phenotypic traits.
Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system and, in countries populated by northern Europeans and their descendants, a leading cause of progressive neurologic dysfunction in young adults. 1 A large body of data confirms a multifactorial source, and a decade of large-scale genomic screens identified more than 100 genomic regions in which variants are associated with increased susceptibility. 2 The strongest genome-wide susceptibility locus maps to the major histocompatibility complex (MHC) (6p21.3) accounting for approximately 10.5% of the genetic variance underlying the risk for MS. This pivotal association also reflects the complexity of MS risk inheritance by harboring multiple statistically independent allelic and haplotypic effects 3, 4 including 2 specific interactions involving pairs of class II alleles: DQA1*01:01-DRB1*15:01 and DQB1*03:01-DQB1*03:02. 5 Clinical heterogeneity and variance in progression are well-recognized properties of MS. In addition to its influence on risk, HLA alleles, specifically the HLA-DRB1*15:01 allele, have been associated with discrete disease phenotypic traits, such as age at disease onset, 6-10 response to immunomodulators, 11 and brain magnetic resonance imaging (MRI) outcomes. 10, 12 For example, carrying HLA-DRB1*15:01 was associated with an increase in the white matter lesion volume and a reduction in normalized brain parenchymal volume. 10 Conversely, another study 13 showed that HLA-B*44:02, a protective allele for MS susceptibility, correlated with better MRI outcomes in terms of brain parenchymal fraction and T2 hyper intense lesion volume. However, the disease course dichotomy (relapsingremitting vs primary progressive) appears to be independent of HLA variance. 4, 6 The observation that HLA haplotypes influence disease progression, whether assessed indirectly through age of onset or through clinical or radiologic findings, suggests that HLA gene products play a singular role in disease pathogenesis, in addition to and distinct from triggering the disease. However, genotype-phenotype studies in MS remain scarce and are typically inconclusive. We assessed, in a well-characterized cross-sectional data set, the association between HLA alleles, independently or collectively, and quantitative clinical and MRI measurements of brain and cervical cord deterioration.
Methods

Study Participants
This study comprised 652 patients with MS and 455 healthy individuals of European ancestry serving as controls evaluated at the University of California, San Francisco, Multiple Sclerosis Center. The inclusion and exclusion criteria were previously described. 14 To assess disease progression, we used the Multiple Sclerosis Severity Score (range, 0 and 10, with 10 indicating the greatest severity), as a measure of clinical progression and an ordinal decile score that indicates how a patient's Expanded Disability Status Scale score ranks in comparison with other patients with the same duration of disease. A cross-sectional data set was used in this study except for analysis of the conversion timing from clinically isolated syndrome to clinically definite MS, which used a longitudinally recorded data set. The Committee on Human Research at the University of California, San Francisco, approved the study protocol. Written informed consent was obtained from all participants. Participants did not receive financial compensation.
Image Acquisition
Brain MRI scans were acquired on the same 3-T scanner (Signa 3T; GE Healthcare), and pulse sequences and acquisition protocol were consistent among patients. Both T1-and T2weighted images were used to determine MS lesion borders using semiautomated lesion segmentation software (Amira, version 5.4; Mercury Computer Systems). Lesion masks were created for each time point. The lesion-masked T1-weighted images were used to segment brain structures, such as cortical and subcortical gray matter volumes and cerebral white matter volumes, for volumetric analyses (FreeSurfer, http:// surfer.nmr.mgh.harvard.edu/). Freesurfer volumes were corrected for misclassification of lesions as gray matter and reclassified to the white matter volume. Each volume was converted to its fraction of the estimated total intracranial volume. The MS lesion masks were also used to determine the T2 lesion volume. Three outliers of brain MRI factors were removed from further analysis. To assess the consistency of the findings at the baseline brain MRI, we also included the brain MRI data that were collected 1 year after the baseline visits.
For the cervical cord MRI data, the upper cervical cord area and spinal cord gray matter area were assessed for 130 patients at the inter vertebral disk level of C2/C3 as described previously. 14, 15 The white matter area was obtained by subtracting the spinal cord gray matter area from the upper cervical cord area, and the ratio of spinal cord gray matter to the upper cervical cord area was also included in the analysis.
HLA Typing and Single-Nucleotide Polymorphism Genotyping
High-resolution HLA allele typing for HLA-A, HLA-B, HLA-DRB1, and HLA-DQB1 loci was conducted for 610 patients with MS and 455 controls of European origin by sequencebased typing technique. 16 For rs9277565, a single-nucleotide polymorphism (SNP) tagging HLA-DPB1*03:01, 5,17 samples were genotyped using predesigned TaqMan SNP genotyping assays, performed in 384-well plates (ABI 7900HT Sequence Detection System; Thermo Fisher Scientific) using SDS, version 2.3, software. All of the reported MSassociated HLA alleles and SNPs passed Hardy-Weinberg equilibrium tests at P > .01 in our control data set.
Computation of HLA Genetic Burden
Using the most updated list of established MS-associated HLA alleles, 5 we calculated HLA genetic burden (HLAGB) for each study participant as the sum of the burden of each MSassociated HLA allele. Each allele burden was calculated as the allele dose multiplied by the reported allele effect size. The scores were compared between MS cases and controls using the Wilcoxon rank-sum test. Patients were also stratified into high or low HLAGB categories based on whether the scores were above or below the median value, respectively.
Statistical Analysis
To compare demographic features between groups, a t test was used for normally distributed variables and Wilcoxon rank-sum test was applied for the other numeric variables; the χ 2 test or Fisher exact test was used for categorical factors. Sex predominance of HLA-DRB1*15:01 in MS was analyzed with a χ 2 test. An additive model of logistic regression was applied to assess the association of the HLA alleles and SNP with MS. The association of genetic components against quantitative phenotypic markers of MS was assessed with a linear regression model. When the objective variables were not normally distributed, they were appropriately transformed. Correlation between the MRI data and genetic variables in each sex data set was investigated with disease duration and age at examination as candidate covariates. A stepwise covariate selection by minimizing the Akaike information criterion was conducted for each model to find the optimal covariate subsets, with the genetic variables always maintained within the model. Nominal significance in a 1-tailed test (P < . 05) was applied as a threshold in the association test of the established HLA alleles for MS risk in our data set; otherwise, the thresholds for statistical significance were P < 2.50 × 10 −2 for clinical outcomes and P < 1.25 × 10 −2 for brain and cervical cord MRI outcomes. For the phenotypic variables that had nominally significant associations with HLAGB, HLA alleles 
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Author Manuscript with a frequency higher than 3% in our controls were explored to observe the effect of each HLA allele composing the HLAGB. To estimate the HLAGB contribution to MS heritability, Nagelkerke R 2 values were obtained using the R package of fmsb. To overcome the possible issue of overfitting derived from a stepwise approach, we also applied a multiresponse lasso model that performs coefficient shrinkage and variable selection through penalized regression with the R package of glmnet. The optimal level of regularization was fit using cross validation and the 1 SE rule. 18 To assess the effect of MS-associated haplotypes on disease phenotypes, haplotype estimation was conducted using the R package of haplo.stats. For the 5 HLA-DRB1*15:01 haplotypes with a frequency greater than 1.0% in the data set, the dose of each haplotype was calculated with consideration of each posterior probability. 
Results
Demographic Features
Demographic features of the individuals enrolled in this study are reported in Table 1 . A total of 619 patients (95.8%) had relapsing-onset MS and 27 (4.2%) had progressive-onset MS. There were no significant differences between women and men in age at disease onset as well as age and disease duration at examination. However, a higher proportion of progressive disease was observed in men (7.2%) vs in women (2.9%) (P = 2.1 × 10 −2 ). Cumulative risk statistics are often used to quantify the collective effects of genome-wide disease susceptibility variants in single scores [19] [20] [21] [22] [23] and, more recently, to represent the effect of the MH Clocus. 5 Of the 652 patients with MS, 586 had no missing genetic data (relapsing-onset, 563; progressive-onset, 23) and were included in the HLAGB analysis. In the present data set, there were trends for both higher HLAGB scores and a greater load of HLA-DRB1*15:01 alleles in women compared with men, suggesting that sex may be a confounder when assessing genetic effects on MS phenotypes. Differences in distribution of the HLA-DRB1*15 genotypes between men and women with MS have been previously observed and reported. 7, 8 Thus, to determine the effect of genetic factors including HLA-DRB1*15:01 in different sexes, we regressed the phenotypic variables separately for men and women.
Distribution of HLA Genetic Burden
The 
Effects of HLA on Clinical Factors
High HLAGB scores were associated with earlier age at onset in women (standard β = −1.20 × 10 −1 ; P = 1.7 × 10 −2 ) but not in men (standard β = 3.67 × 10 −3 ; P = 9.6 × 10 −1 ) (Table 3) . When women were divided into 2 groups (binary: high vs low HLAGB), the contrast was more prominent (standard β = −1.32 × 10 −1 ; P = 8.9 × 10 −3 ). When the effect of each HLAGB-contributing allele on age at onset was assessed in women, HLA-DRB1*15:01 was the main contributor (with each copy of HLA-DRB1*15:01 associated with reduced age at onset by 1.78 years; P = 1.7 × 10 −2 ), although the association did not remain after multiple test corrections (eTable 1 in the Supplement). There was no correlation between HLAGB and Multiple Sclerosis Severity Score. When survival analysis was conducted for the conversion timing from clinically isolated syndrome to clinically definite MS, the women with a high HLAGB converted to clinically definite MS faster than those with low HLAGB (P = 5.0 × 10 −2 ) (eFigure 1 in the Supplement). The contrast was more significant in women with extreme HLAGB scores (in the top and bottom 20 percentiles) (P = 2.7 × 10 −2 ). After removing HLA-DRB1*15:01 from the HLAGB, no statistically significant effect remained on the clinically isolated syndrome-relapsing-remitting conversion. Furthermore, we observed a modest HLA-DRB1*15:01 dose effect on a faster conversion (P = 5.5 × 10 −2 ).
Effects of HLA on MRI Measurements
High HLAGB was nominally associated with reductions of subcortical gray matter fraction and cerebral white matter fraction in women (standard β = −1.67 × 10 −1 ; P = 2.3 × 10 −4 and standard β = −1.01 × 10 −1 ; P = 3.5 × 10 −2 , respectively) ( Table 3) , with only the former remaining significant after correction for multiple comparisons; HLA-DRB1*15:01 was the most statistically significant contributor to this association (standard β = −1.35 × 10 −1 ; P = 3.0 × 10 −3 ) (eTable 1 in the Supplement). Concordant results were confirmed for MRI variables measured 1 year after the baseline visits (eTable 2 in the Supplement). The HLA-B*44:02 allele (frequencies of 4.4% in women with MS and 6.9% in women serving as controls) was also nominally linked to the conservation of the subcortical gray matter fraction (standard β = 9.52 × 10 −2 ; P = 3.6 × 10 −2 ) (eTable 1 in the Supplement), but only HLA-DRB1*15:01 correlated with the decrease of cerebral white matter fraction with near nominal significance (standard β = −9.05 × 10 −2 ; P = 5.7 × 10 −2 ). However, HLA-A*02:01, the most common protective allele for MS (carrier frequencies in women of 33.7% in the MS group and 43.8% in the control group), did not show any effect on brain MRI variables.
In the cervical cord MRI, although HLAGB had no correlation with each anatomical area measurement in both sexes, the ratio of gray matter area to the upper cervical cord area was lower in men with a higher HLAGB (standard β = −3.28 × 10 −1 ; P = 2.8 × 10 −2 ) (Table 3) , which was derived primarily from the facilitating effect of HLA-DRB1*15:01 with nominal significance (standard β = −3.01 × 10 −1 ; P = 4.5 × 10 −2 ) (eTable 1 in the Supplement).
Finally, to overcome the possible issue of over fitting derived from the present stepwise covariate selection, we also assessed the association between HLAGB and MRI variables using a multiresponse lasso model. Although the impact of HLAGB was smaller than the effect of aging and disease duration, we were able to confirm the HLAGB influences on disease progression in women that were reflected in lesion load increase and brain atrophy (eFigure 2 and eTable 3 in the Supplement).
Haplotype Analysis for the Effect of HLA-DRB1*15:01
To complement the information attained using global burden statistics, account for linkage disequilibrium, and further assess the effect of HLA on disease progression, the common HLA-DRB1*15:01+ extended haplotypes were tested separately. . Surprisingly, the HLA-A*X-HLA-B*X-HLA-DRB1*15:01 haplotype, which included close to half of the HLA-DRB1*15:01 positive data set, did not have any correlation with the phenotype. This finding suggests that genetic elements other than HLA-DRB1 influence disease trajectory.
Discussion
Several studies addressed the role of HLA allelic isoforms on the MS phenotype, the most replicated being the association between HLA-DRB1*15:01 and earlier disease onset, 6, 8, 10, 26, 27 followed by the predominance of female patients 7, 28 and the positivity of oligoclonal bands. 28, 29 The HLA alleles and SNPs included for analysis in the present study were originated from the most recent study of the International Multiple Sclerosis Genetics Consortium 5 in which HLA alleles were statistically imputed from a large, high-density SNP data set. 2 In our sequence-based data set, 2 of 10 HLAGB-composing genetic variants (HLA-DQB1*03:02 and HLA-DRB1*08:01) had an opposite direction of action from what was reported. This discordant observation can be owing to sample size differences, the relatively mild effect sizes of these variants, and, especially for HLA-DRB1*08:01, the limited SNP imputation accuracy in combination with its rare frequency. 30 To perform this study, it was necessary to consider 2 distinct influences: the differential effect of MS susceptibility alleles according to sex and the effect of sex on MS phenotypes. To avoid overlooking the distinct genetic load between sexes and, given that the sex difference might not be able to be corrected in a multivariate linear regression model, we decided to analyze each sex separately. Not unexpectedly, the observed associations were mainly derived from the large group of women, except for the lower proportion of gray matter in the cervical cord area in men. The analysis combining data sets on both sexes did not strengthen the statistical significance of our findings or increase the power to detect additional correlations (eTable 6 in the Supplement), which confirms the existence of sexspecific genotype-phenotype interactions.
We report that (1) the cumulative HLAGB was higher in patients than in controls and explains approximately 15% of MS risk, which is in line with previous studies, 2 (2) there was no HLAGB difference between relapsing-onset and primary progressive MS cases, (3) a higher HLAGB was associated with a younger age of onset, and (4) higher HLAGB drove the shrinkage of subcortical gray matter fraction and cortical white matter fraction in women and the ratio of cervical cord gray matter area to upper cervical cord area in men, all of which were mediated primarily by HLA-DRB1*15:01. Furthermore, the disease resistance HLA class I allele HLA-B*44:02 inhibited the decrease of subcortical gray matter fraction, although it did not pass multiple testing corrections. The protective role of HLA-B* 44 on brain MRI variables, such as brain parenchymal fraction and T2 lesion volume, has been previously reported. 13 Although the variables were not the same in that study and ours and the resolution of HLA typing differed, given the similarity of the studies' sample sizes and the obtained P values, we could confirm, with a comparable strength of evidence, the protective role of HLA-B*44:02 on disease phenotype as well as disease susceptibility, at least in women. However, the HLA-A* 02 disease-protective allele had no detectable influence on the phenotype in this data set. We also conducted a haplotype analysis anchored by 3 gene loci (HLA-A, HLA-B, and HLA-DRB1), which enabled us to assess the possible effect of other genes that locate in the extended haplotype and whether alleles in MHC class I and class II work together on disease susceptibility or phenotypes. Although we cannot avoid the effect of small sample size with each haplotype, the results suggest that a specific combination of HLA alleles or non-HLA variants on the HLA-A*24:02-B*07:02-DRB1*15:01 haplotype contributes to disease phenotypes.
In our study, the subcortical gray matter fraction was the only MS outcome that remained significantly associated with HLAGB after multiple corrections. Noteworthy similar results were obtained with MRI variables measured 1 year after the baseline visits. The strong link of subcortical gray matter fraction with HLAGB can be owing to its sensitivity to genetic susceptibility, its accuracy to reflect disease activity, or the robustness in measurement. Deep gray matter atrophy was previously reported 31 to be correlated with cerebral white matter lesion volume, suggesting a causal link through axonal transection with subsequent degeneration along axonal projections. In addition, demyelination 32 and iron deposition were suggested to be possible reasons for the shrinkage of the subcortical gray area. Furthermore, as previously reported, 33 the link with genotypes was observed only for the brain MRI outcome, suggesting independent pathogenesis for the brain and spinal cord.
Conclusions
We observed a robust link between HLA and phenotypic traits in patients with MS, confirming that genetic susceptibility variants contribute to disease outcome. The contribution of MHC genetic variants to risk as well as to the phenotypes were in the same directions. Likewise, HLA-DRB1*15:01 is the main-but not sole-genetic driver of risk and progression of MS. Considering the conflicting reports of association between HLA and clinical traits, such as Multiple Sclerosis Severity Score, MRI variables represent more precise and objective markers to reflect disease outcome affected by genetic susceptibility variants. With the increasing availability of robust statistical approaches to minimize scanner-and sequence-related differences and harmonize multisite MRI volumetrics, 34, 35 the results also highlight the strong necessity to conduct genotype-phenotype studies within the framework of well-organized, large, multicenter collaborations.
Key Points
Question
Do multiple sclerosis risk-associated HLA alleles also affect disease phenotypes?
Findings
In this cross-sectional observational study comprising 586 well-phenotyped patients with multiple sclerosis, the cumulative HLA genetic risk burden was associated with younger age at onset and the atrophy of subcortical gray matter fraction in women.
Meaning
In multiple sclerosis, HLA susceptibility alleles are linked to specific clinical and magnetic resonance imaging phenotypic traits. Table 2 Association of HLA Alleles With MS a a P values remained significant after correction for multiple comparisons. b
HLA Allele All MS vs Controls b
Relapsing-Onset MS vs Controls
The MSSS, ranging from 0 to 10 (where 10 indicates the greatest severity), was used as a measure of clinical progression. The score was squared to be normally distributed in the model. c Nominal significance.
d Natural logarithm of lesion volume was considered to be normally distributed in the model.
